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Download date: 18. Jan. 2020 some of which showed negative effects on soil acidification indicators after whole-tree 82 harvesting whereas others showed no significant effect. 83
84
The critical load of acidity was an important tool in adjusting policies to reduce emissions 85 of sulphur and nitrogen oxides (Sundqvist et al., 2002) . Critical loads of acidity are 86 defined as "a quantitative estimate of an exposure to one or more pollutants below which 87 significant harmful effects on specified elements of the environment do not occur 88 according to present knowledge" (Nilsson et al., 1988) . Calculations of critical loads of 89 acidity are based on acidity mass balances, and can be modelled using the SMB model 90 (Sverdrup et al., 1994) or PROFILE (Sverdrup et al., 1993) . 91
92
As the deposition of acidifying substances has been reduced and the impact of forestry 93 has increased, the need of a new policy tool, focusing on biomass harvesting, has 94 emerged. The aims of this paper were to put forward a policy tool for sustainable biomass 95 harvesting based on the critical load of acidity concept, "Critical biomass harvesting", 96
and to test it on the Swedish national critical load database. 97 98 6 99
Materials and Methods 100

Concept and equations 101
The calculations of Critical biomass harvesting were based on the same concept as the 102 calculations of Critical load of acidity (Sverdrup et al., 1994 The critical load of acidity is generally calculated according to Eq. 2, which is based on 117
Eq. 1. The critical load is the highest deposition that still leads to acceptable runoff water 118 quality, based on a chemical criterion and a critical limit, used to calculate the critical 119 alkalinity leaching (Alk leach(crit) in Eq. 2). In Sweden, the criterion most often used has 120 been the Bc:Al i , (where Bc refers to the sum of Ca, Mg and K), a criterion associated 121 7 with tree health, and the critical limit has often been set to 1 (Sverdrup et al., 1994 For critical biomass harvesting, ANC in the runoff water was used as a chemical 131 criterion, with a critical limit of 0. This means no acidification exported from the soils to 132 the leaching water, but neither any acid neutralizing capacity. Setting the ANC limit to 0 133 was motivated by the assumption that the water gains some neutralizing capacity on the 134 way from the 50 cm root zone through the mineral soil and to the surface water. harvested. In the whole-tree harvesting scenario, 100% of the stems were assumed to be 209 removed together with 60% of the branches, in accordance with a scenario from Swedish 210 Forest Agency (2008). Furthermore, 75% of the needles were assumed to accompany the 211 branches. The amount of branches and needles available for harvesting was estimated 212 11 from stem data and fractions between biomass of stems, branches and needles from 213 standard methods (Marklund, 1988 
Results
276
The net losses of base cations were substantially higher in spruce forests than in pine 277 forests ( Figure 1; Table 2 ), due to more biomass in spruce forests. Harvesting of residues 278 (branches and tops) led to 70% more losses in spruce forests whereas the corresponding 279 increase in pine forests was 30%. There is a gradient in Sweden with higher base cation 280 losses in the south than in the north, corresponding to the climate gradient. In the northern 281 part there is a gradient with higher losses in the east than in the west. 282 Table 2 ). In pine forests the 310 critical harvesting was exceeded in 50% of the merged catchments at stem harvesting, but 311 the exceedance was generally low (Figure 4 ; Table 2 ). Whole-tree harvesting led to a 312 somewhat larger fraction of catchments where the critical harvesting was exceeded. (1995). Immobilization and denitrification are terms that are difficult to quantify and thus 371 require assumptions. In the present study it was assumed that the acidifying effect of N 372 was limited to the present NO 3 leaching based on measurements in soil water. A median 373 value for the whole country was used, since the concentrations are similar (very low) on 374 most sites in Sweden. However, there are sites in southwestern Sweden with highly 375 elevated NO 3 leaching, and in this region the acidifying effect of N can be assumed to be 376 underestimated for many forests. 377
The assumption that only the NO 3 that is leaching is acidifying means that potential 378 changes in NO 3 leaching in the future, and effects of whole-tree harvesting on NO 3 379 leaching, are not accounted for. In N-rich areas whole-tree harvesting could lead to The choice of critical limit is naturally important for the results. In critical load studies, 391 the critical limits used were often focusing on tree health. One of the most commonly 392 used criteria is Bc:Al ratio (Sverdrup et al., 1995) . The critical limit chosen in this study, 393 ANC=0 at 50 cm depth, is focusing on water quality. It gives no margins for recovery at 394 that soil depth, and thus it can be seen as too low a limit, especially in areas with thin soil 395 layers. In areas with thick soil layers, however, the weathering in deeper layers can 396 increase the ANC before it reaches surface waters, and thus the limit is more appropriate. 397
398
The clear gradient, with increasing exceedance from north to south, corresponds to the 399 higher base cation losses at harvesting and to the higher sulphur deposition in the south. 400
In the southern part the exceedance is higher towards the east, although the sulphur 401 deposition is higher in the western part. This is due to the higher weathering rate and base 402 cation deposition in the western part, which increases the critical biomass harvesting. 
